1. Introduction {#sec1-cells-09-01129}
===============

Insulin, a peptide hormone secreted by the pancreas, plays a crucial role in maintaining the homeostasis of the blood glucose levels in the human body. It lowers the blood glucose levels by facilitating glucose uptakes in the liver, skeletal muscle, and adipose tissue. Failure to maintain blood glucose levels, also known as hyperglycemia, can give rise to many different severe health conditions, including diabetes. Insulin secretion is stimulated by many different hormones and neurotransmitters such as glucagon-like peptide-1 \[[@B1-cells-09-01129]\] and carbon monoxide \[[@B2-cells-09-01129]\], but glucose is a major secretagogue.

Over the years, the glucose-stimulated insulin secretion (GSIS) has been extensively studied, and its mechanism is well documented \[[@B3-cells-09-01129],[@B4-cells-09-01129]\]. An increase in blood glucose concentration accelerates metabolism in pancreatic β-cells, leading to an elevated cytoplasmic ATP/ADP ratio. ATP-sensitive K^+^ channels respond to the elevated ATP/ADP ratio in the cytoplasm by closing their channels, resulting in the depolarization of the cell's membrane potential. This depolarization opens voltage-dependent Ca^2+^ channels (VDCCS), allowing a transient influx of Ca^2+^ from extracellular space. In turn, the elevated free cytosolic Ca^2+^ concentration triggers the release of insulin granules.

Furthermore, it has been known that the insulin secretion occurs in a pulsatile manner \[[@B5-cells-09-01129]\], and the oscillatory release of insulin helps to maintain insulin sensitivity in target cells. Without the oscillatory insulin secretion pattern, more insulin is required to achieve the same effect \[[@B6-cells-09-01129],[@B7-cells-09-01129],[@B8-cells-09-01129]\], possibly causing insulin resistance from the recipient cells. In fact, it was reported that insulin oscillations were diminished from patients with type 1 \[[@B9-cells-09-01129]\] and type 2 diabetes \[[@B10-cells-09-01129]\]. Interestingly, the oscillatory insulin secretion is not only found in the pancreas but also from isolated individual pancreatic islets, and even from single β-cells \[[@B11-cells-09-01129]\]. In a single β-cell, oscillations of the cytosolic Ca^2+^ concentration, which mainly originated from the glucose metabolism, synchronize with the pulsatile insulin secretion.

There have been numerous reports suggesting that GSIS does not rely solely on the K~ATP~ channel-dependent mechanism, and mechanosensitive mechanisms may also be involved. There are a few hypotheses on mechanosensitive pathways, such as volume-regulated anion channels \[[@B12-cells-09-01129]\] or mechanosensitive transient receptor potential (TRP) channels \[[@B13-cells-09-01129]\]. However, the level of intracellular Ca^2+^ plays a fundamental role in all suggested pathways. Recently, Castellanos et al. \[[@B14-cells-09-01129]\] reported the Ca^2+^-dependent insulin release from rat INS 832/13 β-cells upon ultrasound stimulation, suggesting a possible therapeutic intervention of the diabetic condition using mechanical energy-based modality.

For the last few years, our group has reported that focused ultrasound can induce intracellular Ca^2+^ elevations in cancer cell lines \[[@B15-cells-09-01129],[@B16-cells-09-01129]\], human umbilical vein endothelial cells (HUVECs) \[[@B17-cells-09-01129]\], and human mesenchymal stem cells (hMSCs) \[[@B18-cells-09-01129]\]. In the recent report, we suggested the concept of an ultrasound-based intracellular Ca^2+^ signaling modulator, which possesses the capability to regulate downstream Ca^2+^-dependent cellular processes non-invasively and remotely. In the present study, we explored the ultrasound-evoked intracellular Ca^2+^ dynamics of single cells from the clusters of a clonal HIT-T15 pancreatic β-cell line using a 45-MHz focused ultrasound. The results indicate that ultrasound can induce intracellular Ca^2+^ oscillations via purinergic signaling. Two distinctive oscillatory Ca^2+^ patterns, fast-irregular and slow-periodic, were found in the cells stimulated by low-intensity ultrasound, and they have shown a competitive manner depending on the level of glucose. Further study revealed that the fast-irregular mode of Ca^2+^ oscillation depends on both P~2~X receptors and L-type voltage-dependent Ca^2+^ channels, while the slow-periodic mode relies on P~2~Y receptors and store-operated Ca^2+^ channels.

2. Materials and Methods {#sec2-cells-09-01129}
========================

2.1. Reagents and Inhibitors {#sec2dot1-cells-09-01129}
----------------------------

Ham's F12K special (with 1.5 g/L sodium bicarbonate) was obtained from the USC Norris Comprehensive Cancer Center Core (Los Angeles, CA, USA). Dialyzed donor equine serum was obtained from Rocky Mountain Biologicals (Missoula, MT, USA). Heat-inactivated fetal bovine serum (HI-FBS), Penicillin--Streptomycin, [l]{.smallcaps}-glutamine, Fluo-4 AM, and Calcein AM were purchased from Thermo Fisher Scientific (Cambridge, MA). Apyrase, carbenoxolone (CBX), cyclopiazonic acid (CPA), lanthanum (La^3+^), nifedipine, Pluronic F-127, pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS), and suramin were purchased from Sigma-Aldrich (St Louise, MO, USA).

2.2. Cell Preparation {#sec2dot2-cells-09-01129}
---------------------

The HIT-T15 cell line was purchased from ATCC (Manassas, VA, USA) and maintained in the complete growth medium with following ingredients: Ham's F12K with 2 mM [l]{.smallcaps}-glutamine, 10% dialyzed donor equine serum, 2.5% HI-FBS, and 1% Penicillin--Streptomycin. The HIT-T15 cells were seeded at a density of 1.3 × 10^5^ cells/cm^2^ and cultured in 5% CO~2~ at 37 °C. The flesh complete media was replenished every 2--3 days, and the cells were passaged every week. For this study, only the cells with passage numbers between 20 and 30 were used.

2.3. Ultrasound Stimulation {#sec2dot3-cells-09-01129}
---------------------------

For this project, a press-focused 45-MHz single element lithium niobate (LiNbO~3~) transducer was designed and fabricated in house following a protocol previously described \[[@B19-cells-09-01129]\]. Among various piezoelectric materials, LiNbO~3~ was selected because it holds many advantages such as good electromechanical coupling, a low dielectric constant, and high longitudinal sound speed \[[@B20-cells-09-01129]\]. In the design, the size of a cluster of HIT-T15 cells was primarily considered to generate a beamwidth comparable to a single cluster (10--20 cells), and it was achieved by the press-focusing technique (f-number: 2.2). A calibrated capsule type hydrophone with 20 dB preamplifier (HGL-0085/AH-2010, Onda Corp., Sunnyvale, CA) was employed to assess the actual performance of the fabricated transducer. A lateral beam-width (115 μm) was estimated by measuring the distance between the 6 dB points below the maximum. Note that a theoretical lateral resolution for the transducer was 75 μm ($R_{L} = f\# \times \lambda),$ and the measured value might be overestimated since the hydrophone's electrode aperture size (85 μm) was not optimal to measure high-frequency transducers (\>40 MHz) accurately. In this study, the transducer was driven by a fixed 18 V peak-to-peak voltage, pulse repetition frequency at 1 kHz, and duty cycle at 2% (I~SPTA~: 113.1 mW/cm^2^) to be in the realm of low-intensity pulsed ultrasound. The cytotoxicity of ultrasound stimulation was examined using a viability dye, calcein AM. No indication of compromised viability was observed up to 60 h after the ultrasound exposure ([Supplementary Figure S1](#app1-cells-09-01129){ref-type="app"}).

2.4. Live Intracellular Ca^2+^ Imaging {#sec2dot4-cells-09-01129}
--------------------------------------

The clonal HIT-T15 cells were seeded on 35 mm culture dishes at a density of 2 × 10^5^ cells/cm^2^ and kept in the CO~2~ incubator for 48 h before each experiment. For the imaging solutions, mainly modified Hank's balanced salt solution with Ca^2+^ and Mg^2+^ (HBSS+) containing 11.1 mM D(+) glucose was used, but HBSS+ containing 2.8 mM and 5.5 mM D(+) glucose were also used as needed. The HIT-T15 cells on 35 mm culture dish were washed with HBSS+ once and incubated with 2 μM of Fluo-4 AM in room temperature for 30 min for Ca^2+^ imaging. After the incubation, the dish was washed three times and imaged with an epi-fluorescence inverted microscope (IX71, Olympus America Inc., Center Valley, PA, USA). Fluorescence images were acquired either for 30 min at 0.5 frames per second or for 5 min at 1 frame per second.

2.5. Data Processing and Statistics {#sec2dot5-cells-09-01129}
-----------------------------------

Acquired stacked images were processed with CellProfiler image analysis software \[[@B21-cells-09-01129]\] using a customized pipeline to locate single cells and collect fluorescence intensities automatically. The extracted intensities were loaded in Matlab (Mathworks) for normalization (ΔF/F) and for counting the number of cells showing active Ca^2+^ dynamics (defined as cells with ΔF/F~max~ greater than basal noise level by 2-fold) with and without ultrasound exposure. The percentage of responding cells was calculated by the active cells divided by the total number of cells in each image field. In addition, the period of Ca^2+^ oscillations was measured and compared in the cells, either bathing in 5.5 mM glucose or inhibitors that suppressed the fast-irregular oscillations. Due to the nature of irregular oscillations, the period of oscillations cannot be measured in the fast oscillations.

3. Results {#sec3-cells-09-01129}
==========

3.1. Intracellular Ca^2+^ Dynamics in HIT-T15 Cells upon Various Stimuli {#sec3dot1-cells-09-01129}
------------------------------------------------------------------------

We first investigated intracellular Ca^2+^ dynamics in HIT-T15 cells using a high K^+^ (40 mM) extracellular buffer. The high K^+^ stimulation has been used to depolarize the cell membrane in order to activate VDCCs on the membrane and allow an influx of Ca^2+^. A sudden increase of intracellular Ca^2+^ was observed as soon as the imaging solution was replaced by the high K^+^ buffer ([Supplementary Figure S2a](#app1-cells-09-01129){ref-type="app"}). The result indicates that the VDCCs on the membrane were activated by the altered K^+^ concentration gradient between the inside and outside of the cells and allow an influx of Ca^2+^ from the outside. Furthermore, the gradual decrease indicates that the cells' machinery Ca^2+^ pumps are functioning.

Next, the HIT-T15 cells were stimulated with a high concentration of glucose to monitor the glucose-induced Ca^2+^ activity. The cells were maintained in HBSS+, and at t = 600 s, it was replaced with high glucose (17 mM) buffer solution. The cells responded to the high glucose with oscillatory Ca^2+^ signaling ([Supplementary Figure S2b](#app1-cells-09-01129){ref-type="app"}). The oscillations in intracellular Ca^2+^ are known to synchronize with the oscillatory metabolism of the β-cell and in turn create pulsatile secretion of insulin \[[@B22-cells-09-01129]\]. The pulsatile insulin secretion gives a means of lowering total insulin amount to maintain the blood glucose level compared to a constant rate of secretion \[[@B7-cells-09-01129]\].

To test whether ultrasound stimulation can also evoke intracellular Ca^2+^ oscillations from resting cells as shown in the high-glucose stimulation, a cluster of HIT-T15 cells was exposed to 45-MHz pulsed ultrasound. In this study, the power (I~SPTA~) of the ultrasound was fixed at 113.1 mW/cm^2^ (input voltage: 60 mV, pulse repetition time: 1 ms, duty factor: 2%) to be in the range of low-intensity and also comparable to our previous reports \[[@B16-cells-09-01129],[@B18-cells-09-01129]\]. The ultrasound stimulation setup is illustrated in [Figure 1](#cells-09-01129-f001){ref-type="fig"}a.

Ultrasound induced fast Ca^2+^ oscillations in the HIT-T15 cells ([Figure 1](#cells-09-01129-f001){ref-type="fig"}c). The periodicity of oscillations was irregular, with the timescale of each Ca^2+^ spike less than 20 s. The ultrasound-induced Ca^2+^ dynamics are comparable to fast-irregular oscillations observed in a stepwise increase in glucose concentration that mimics the transition from fasting to feeding states \[[@B23-cells-09-01129]\].

Although the ultrasound beam was focused on a targeted cluster of cells, only a fraction of cells in the cluster responded. In general, cells on the edges of clusters responded well, while cells on the center did not ([Figure 1](#cells-09-01129-f001){ref-type="fig"}b). Moreover, ultrasound-induced Ca^2+^ responses were monitored from non-targeted cells (cells located outside of ultrasound beam) throughout all over the image field, suggesting the involvement of intercellular signaling ([Supplementary Video S1](#app1-cells-09-01129){ref-type="app"}). To quantify the number of cells responded to ultrasound, fluorescence imaging was performed for 300 s with the HIT-T15 cells exposed to ultrasound between t = 150 s and t = 300 s. Then, the numbers of cells showing Ca^2+^ dynamics before and after ultrasound stimulation were compared as percentages. As illustrated in [Figure 1](#cells-09-01129-f001){ref-type="fig"}d, the percent of cells showing Ca^2+^ dynamics (defined by active cells) was increased by 10-fold, 1.85 ± 1.22% to 21.40 ± 11.08% (*n* = 11, *p* = 0.0002), in the cells bathed with normal HBSS+ containing 5.5 mM glucose. However, when the cells were bathed in HBSS+ containing 11.1 mM glucose (stimulating concentration), the percent of active cells before ultrasound was 10.60 ± 3.21%, and the number was increased by 2-fold with the ultrasound stimulus to 22.72 ± 5.78% (*n* = 6, *p* = 0.0025, [Figure 1](#cells-09-01129-f001){ref-type="fig"}d). Still, the percentages of the active cells were low, which could be due to (1) the heterogeneity of the HIT-T15 cell line \[[@B24-cells-09-01129]\] and (2) the quantification method, which excluded cells showing Ca^2+^ dynamics in low amplitude (less than 2-folds from the basal level).

Overall, the results indicate that ultrasound can activate Ca^2+^ responses from otherwise resting cells both in the basal and stimulating level of glucose.

3.2. Two Distinctive Ultrasound-Induced Ca^2+^ Oscillations {#sec3dot2-cells-09-01129}
-----------------------------------------------------------

HIT-T15 cells showed the majority of the fast-irregular oscillations in a bath of 11.1 mM glucose ([Figure 2](#cells-09-01129-f002){ref-type="fig"}a). However, when the HIT-T15 cells were adapted to 5.5 mM glucose, the majority of the fast-irregular oscillations was replaced by single Ca^2+^ spikes with a longer timescale of 30--50 s. To monitor the Ca^2+^ dynamic for an extended period of time, we increased the imaging duration to 30 min. Surprisingly, another pattern of oscillatory Ca^2+^ dynamics was found, which has a slow but periodic oscillatory pattern (period: 231 ± 92 s), as shown in [Figure 2](#cells-09-01129-f002){ref-type="fig"}b. Leech et al. described the appearance of the slow Ca^2+^ oscillation in a steady-state concentration of glucose \[[@B23-cells-09-01129]\]. Seldomly, a third type of oscillation was also found, which can be described as fast oscillations superimposed on the slow oscillation ([Figure 2](#cells-09-01129-f002){ref-type="fig"}c); this is also known as the mixed type \[[@B25-cells-09-01129]\]. Aside from the frequency and periodicity differences, it was observed that the baseline for the fast-irregular oscillation fluctuates, while the baseline for the slow-periodic oscillation remains relatively constant. These data suggested that multiple pathways may be involved in ultrasound-induced Ca^2+^ oscillations, and the appearance of each oscillatory pattern depends on the level of glucose to which the HIT-T15 cells were adapted.

3.3. The Involvement of Purinergic P~2~ Signaling {#sec3dot3-cells-09-01129}
-------------------------------------------------

Purinergic signaling plays a regulatory role in the endocrine system. Many different subtypes of purinergic receptors are expressed in secretory cells to meditate hormone release \[[@B26-cells-09-01129]\]. In the pancreatic β-cells, ATP is released either from nerve terminals \[[@B27-cells-09-01129],[@B28-cells-09-01129]\] or secretory granules \[[@B29-cells-09-01129]\], and it plays several physiological roles \[[@B30-cells-09-01129]\]. We hypothesized that ultrasound induces the oscillatory Ca^2+^ responses by facilitating ATP release via mechanosensitive hemichannels based on our previous study \[[@B18-cells-09-01129]\].

To verify the hypothesis, the HIT-T15 cells were incubated with apyrase (20 units/mL, 10 min), which is known to degrade extracellular ATP. Bathing with apyrase significantly abolished the ultrasound-induced Ca^2+^ dynamic ([Figure 3](#cells-09-01129-f003){ref-type="fig"}b,f). A non-selective P~2~ receptor antagonist, suramin (100 μM, 10 min), also blocked the ultrasound-induced oscillations, suggesting the involvement of P~2~ receptors in the pathway ([Figure 3](#cells-09-01129-f003){ref-type="fig"}c,f). Interestingly, the basal Ca^2+^ activity was also greatly suppressed to 4.09 ± 2.20% with suramin (approximately 10% without the drug) and a single peak appeared upon ultrasound stimulation. As for the source of extracellular ATP, mechanosensitive hemichannels were found to be responsible for the inhibitory effect of CBX (100 μM, 30 min, [Figure 3](#cells-09-01129-f003){ref-type="fig"}d,f). The overall pathway of ultrasound-induced Ca^2+^ responses in the HIT-T15 cells was consistent with the findings from the hMSC model \[[@B18-cells-09-01129]\]. It is worth noting that with the inhibitors, both ultrasound-induced fast-irregular and slow-periodic oscillations disappeared from the cells adapted to 11.1 mM glucose.

If both modes of the ultrasound-induced Ca^2+^ oscillations depend on ATP release, the next question was: how do the cells choose one pattern over another? We focused on the fact that two subtypes of purinergic receptors, ionotropic (P~2~X) and metabotropic (P~2~Y), have different sensitivity to a range of ATP or ADP concentrations \[[@B31-cells-09-01129]\]. Since the amount of intracellular ATP would largely determine the amount of ATP release, we bathed the cells in HBSS+ containing 2.8 mM glucose for adaptation and stimulated with ultrasound. Interestingly, the cells adapted to the low glucose lost spontaneous Ca^2+^ activities before ultrasound exposure, and delayed Ca^2+^ responses were observed upon ultrasound stimulation; yet, once it appeared, the slow-periodic oscillatory pattern persisted ([Figure 3](#cells-09-01129-f003){ref-type="fig"}e). The result is consistent with our hypothesis that the level of glucose available in the media, which, in turn, could affect the amount of intracellular ATP in the cells, works as a modulatory signal to determine the patterns.

3.4. Fast and Irregular Oscillation Depends on P~2~X Receptors Coupled to L-Type Ca^2+^ Channels {#sec3dot4-cells-09-01129}
------------------------------------------------------------------------------------------------

To investigate the subtype of purinergic receptors responsible for the fast-irregular oscillation, we first incubated the HIT-T15 cells with HBSS+ containing 11.1 mM glucose in the presence of PPADS (100 µM, 30 min), which is a selective purinergic P~2~X receptor blocker at the tested concentration. Interestingly, the fast-irregular oscillations pattern shown in 11.1 mM glucose ([Figure 4](#cells-09-01129-f004){ref-type="fig"}a) was converted to the slow-periodic oscillatory pattern (period: 142 ± 34 s) under the inhibition of purinergic P~2~X receptors ([Figure 4](#cells-09-01129-f004){ref-type="fig"}b,f). This result suggests the correlation of the P~2~X receptors with the fast-irregular oscillation pattern.

Although the P~2~X receptors work as an ion channel allowing the influx of Ca^2+^ and Na^2+^, the rapid oscillatory pattern cannot be explained solely by the action of P~2~X. Previous studies often suggested the role of L-type VDCC in glucose-induced insulin secretion \[[@B23-cells-09-01129],[@B32-cells-09-01129]\]. To assess the role of L-type VDCC in the fast Ca^2+^ oscillation, nifedipine (10 μM) was added to the HBSS+ containing 11.1 mM glucose. When the HIT-T15 cells were pre-bathed with nifedipine, only the periodic Ca^2+^ oscillations (period: 129 ± 33 s) were observed ([Figure 4](#cells-09-01129-f004){ref-type="fig"}c,f), similar to with the P~2~X inhibitor. To confirm, nifedipine was added while imaging, and the fast-irregular Ca^2+^ oscillation quickly disappeared ([Figure 4](#cells-09-01129-f004){ref-type="fig"}d). This result strongly suggests the involvement of L-type VDCC in the fast-irregular Ca^2+^ oscillation induced by ultrasound. It is worth noting that the periods of oscillations found from the cell bathed with both PPADS and nifedipine were smaller (oscillate faster) than the slow-periodic oscillations observed from 5.5 mM glucose groups ([Figure 4](#cells-09-01129-f004){ref-type="fig"}f). This could be due to the higher ATP level available from the cells bathed with 11.1 mM glucose.

3.5. Slow and Periodic Oscillation Depends on P~2~Y Receptors and Store-Operated Ca^2+^ Channels {#sec3dot5-cells-09-01129}
------------------------------------------------------------------------------------------------

The expression of both subtypes of purinergic receptors, P~2~X and P~2~Y, was reported previously in pancreatic β-cells \[[@B33-cells-09-01129]\], including HIT-T15 cells \[[@B34-cells-09-01129]\]. The P~2~Y receptors are metabotropic receptors coupled to the G-protein, which produces secondary messenger IP~3~ from PIP~2~ and in turn initiates the release of Ca^2+^ via the IP~3~ receptor. Based on the fact that the presence of apyrase and suramin inhibited both patterns of Ca^2+^ oscillation ([Figure 3](#cells-09-01129-f003){ref-type="fig"}b,c), but not with PPADS ([Figure 4](#cells-09-01129-f004){ref-type="fig"}b), we concluded that the slow-periodic Ca^2+^ oscillation relies on P~2~Y receptors.

As to confirm the role of P~2~Y in the ultrasound-induced slow Ca^2+^ oscillation, the HIT-T15 cells, adapted to 5.5 mM glucose, were treated with CPA (100 μM, 30 min), a sarco/endoplasmic reticulum Ca^2+^ ATPase (SERCA) inhibitor, to deplete Ca^2+^ storage. As shown in [Figure 5](#cells-09-01129-f005){ref-type="fig"}b, the Ca^2+^ response was greatly diminished after the first Ca^2+^ peak, suggesting that the slow-periodic Ca^2+^ oscillation depends on Ca^2+^ release from the storage, and without the functioning Ca^2+^ pump for replenishing the storage, Ca^2+^ oscillation cannot be sustained.

The store-operated Ca^2+^ channels (SOCs) on the plasma membrane often serve as a Ca^2+^ replenishing mechanism. When Ca^2+^ is released from intracellular storage, such as the endoplasmic reticulum (ER), SOCs are activated and allow Ca^2+^ entry into the cytoplasm and the storage. SOCs also play a critical role in GSIS \[[@B35-cells-09-01129]\]. La^3+^, a trivalent cation that inhibits the SOCs, was added while monitoring the ultrasound-induced Ca^2+^ oscillations to investigate the relevance of SOCs in this pathway. As the SOCs were inhibited by La^3+^ (200 μM, added at t = 1200 s), the oscillatory Ca^2+^ response disappeared, as depicted in [Figure 5](#cells-09-01129-f005){ref-type="fig"}c. Lastly, we stimulated the cells only for 3 min (instead of 25 min) to see if the continuous exposure of ultrasound would be necessary for the sustained oscillations. It was found that the oscillation patterns disappeared as soon as the ultrasound stimulation was stopped ([Figure 5](#cells-09-01129-f005){ref-type="fig"}d). This indicates that continuous exposure to ultrasound is required to release Ca^2+^ from the storage, but SOC itself cannot sustain the oscillatory Ca^2+^ mobilization.

4. Discussion {#sec4-cells-09-01129}
=============

In the present study, we investigated the cellular responses of the pancreatic HIT-T15 β-cells to 45-MHz low-intensity focused ultrasound by monitoring the ultrasound-induced intracellular Ca^2+^ dynamics in live cells. The HIT-T15 cell line was initially produced by the SV40 transformation of hamster pancreatic islet cells and has been widely used as the β-cell study model, since it secretes insulin in response to a variety of insulin secretagogues such as glucose, glucagon, and methylxanthine \[[@B36-cells-09-01129]\]. Upon exposure to ultrasound, it was found that the resting HIT-T15 cells were activated and displayed the oscillatory Ca^2+^ responses via purinergic signaling, and a mechanosensitive hemichannel was found to be responsible for releasing ATP into extracellular space.

We are not the first to investigate how β-cells respond to ultrasound stimulation. Castellanos et al. \[[@B14-cells-09-01129],[@B37-cells-09-01129]\] reported insulin releases from INS-1 832/13 rat insulinoma cell line in response to 800 kHz of ultrasound stimulation (continuous ultrasound, I~SATA~ = 1 W/cm^2^). In another sequential paper, the authors monitored ultrasound-induced secretary events by carbon fiber amperometry and detected sustained amperometric peaks, which prolong the duration of ultrasound stimulation \[[@B14-cells-09-01129]\]. In addition, they showed that the ultrasound-induced secretary events are depending on the influx of Ca^2+^ by showing that chelating extracellular Ca^2+^ from the imaging buffer significantly reduced the peaks. However, despite the similarity in the concept, the overall experimental design and stimulation parameters used in our study were mostly different. First, the acoustic output utilized in the present study was considerably lower (pulsed ultrasound, I~SPTA~ = 113.1 mW/cm^2^), which may have resulted in an entirely different Ca^2+^ mobilizing pathway. More importantly, we aimed attention at spatiotemporal Ca^2+^ responses using a high-frequency focused ultrasound at 45 MHz, which offered a way to distinguish between directly stimulated cells from their adjacent cells and also allowed us to obtain a better understanding of the underlying mechanism in at the single-cell level. Previously, we have shown that both 3-MHz and 38-MHz ultrasound stimulation can induce Ca^2+^ responses in cancer cells, indicating that the mechanotransduction pathways reported in this study may not be limited to high-frequency ultrasound \[[@B16-cells-09-01129]\].

The biological effects of ultrasound can be largely divided into two categories: thermal bioeffects and mechanical bioeffects. However, we excluded the possibility of thermal effects because the intensity level was too low (I~SPTA~ = 113.1 mW/cm^2^), and acoustic absorption in the cell layer should be minimal, as the absorption correlates with the distance acoustic wave travels \[[@B38-cells-09-01129],[@B39-cells-09-01129]\]. Therefore, we believe that the mechanical perturbation created by acoustic radiation force is the dominant factor in our experimental setting. Additionally, the formation of a standing wave could be another possible source of the mechanical perturbation \[[@B40-cells-09-01129]\]. However, in theory, an adjacent node will be formed 17 µm ($\lambda/2)$ above the culture dish and may not affect directly, as the height of adherent cells are generally considered to be shorter \[[@B41-cells-09-01129],[@B42-cells-09-01129]\]. The oscillatory pattern of intracellular Ca^2+^ has been extensively studied in pancreatic β-cells, since its dynamic is tightly coupled to the exocytosis of insulin-containing vesicles from single cells, and its physiological significances have been documented \[[@B43-cells-09-01129]\]. Several modes of Ca^2+^ oscillation have been reported in β-cells through different pathways of Ca^2+^ entry depending on the concentration of glucose or the presence of other stimuli \[[@B44-cells-09-01129]\]. To the best of our knowledge, we are the first to report ultrasound-induced intracellular Ca^2+^ oscillations in the pancreatic β-cells. It was found that exposure to ultrasound induces Ca^2+^ dynamics even from the cells that did not respond to the stimulating level of glucose. Note that regardless of the glucose levels to which cells were adapted, the percentages of active cells were consistent after the stimulation (approximately 22%, [Figure 1](#cells-09-01129-f001){ref-type="fig"}d), suggesting that ultrasound-induced Ca^2+^ responses may not share the same pathway with glucose-stimulated Ca^2+^ responses.

Interestingly, two very distinct modes of oscillations were dominantly observed where the cells adapted to different levels of glucose (5.6 mM and 11.1 mM). Further investigation with pharmaceutical agents revealed that the two oscillatory Ca^2+^ responses were originated from the activations of the two subtypes of P~2~ purinergic receptors. While P~2~X receptors are known for responding to only ATP and its derivatives, a few P~2~Y receptors, namely P~2~Y~1~, P~2~Y~12~, and P~2~Y~13~, have generally higher affinity to ADP and its derivatives than ATP \[[@B45-cells-09-01129],[@B46-cells-09-01129]\]. Considering β-cell's intrinsic property that tightly regulates ATP production in response to glucose level fluctuation \[[@B47-cells-09-01129]\], we believe that the amount of ATP (or ATP/ADP ratio) in cytoplasm plays a pivotal role selecting one pathway over another.

The fast-irregular oscillations found from this study showed very distinctive Ca^2+^ profiles, an instant rise followed by a relatively slow fall and fluctuations of the baseline, which can be often found from Ca^2+^ mobilization via VDCCs ([Figure 2](#cells-09-01129-f002){ref-type="fig"}a). The spiking pattern was abolished or replaced by the slow-periodic oscillations in the presence of P~2~X inhibitor PPADS and L-type Ca^2+^ channel blocker, nifedipine, indicating that both channels are required for the specific pattern of Ca^2+^ entry. Although direct evidence is not presented in this paper, it seems that membrane depolarization is caused by ion exchange through the P~2~X channels, which in turn activates the VDCC. In fact, the P~2~X receptor-mediated depolarization was found to be sufficient to open up the VDCC in human pancreatic β-cells \[[@B48-cells-09-01129]\]. The overall suggested mechanisms of ultrasound-induced Ca^2+^ oscillations are illustrated in [Figure 6](#cells-09-01129-f006){ref-type="fig"}.

The finding that L-type Ca^2+^ channels are closely linked to the fast-irregular oscillation pattern gives us another insight into the competing aspect of P~2~X and P~2~Y activations observed from this study. Gong et al. \[[@B49-cells-09-01129]\] reported the inhibitory effect of extracellular ATP on L-type Ca^2+^ channel currents through the P~2~Y-dependent pathway in rat pancreatic β-cells. A similar line of evidence was also found from myocytes \[[@B50-cells-09-01129],[@B51-cells-09-01129]\], and the inhibition was reversed in the presence of protein kinase C (PKC) antagonist, indicating that PKC activation via G-protein-coupled P~2~Y signaling cascade is the source of the inhibition. It was found that activated PKC phosphorylates two sites on the *n* terminal of the L-type Ca^2+^ channel, which leads to the blockage of the channels by changing a net charge \[[@B52-cells-09-01129]\].

The mechanosensitive characteristic of the non-junctional hemichannels was reported elsewhere \[[@B53-cells-09-01129],[@B54-cells-09-01129],[@B55-cells-09-01129]\], and a recent study proposed that the association with integrin is critical for the sensing \[[@B56-cells-09-01129]\]. In fact, several lines of evidence support the finding that ATP can be released via mechanosensitive hemichannels. We have previously shown that the connexin 43 hemichannel works as a mechanosensor in hMSC that releases ATP to the extracellular space in response to low-intensity ultrasound \[[@B18-cells-09-01129]\]. In addition, we recently showed that ultrasound-induced ATP release was reduced significantly when the pannexin 1 hemichannel was either inhibited or knocked down in the prostate PC-3 cancer cells \[[@B57-cells-09-01129]\]. Ultrasound is a very unique modality that can transmit mechanical energy into tissues deep in the body without an invasive procedure. Thus, the finding that ultrasound induces the release of ATP via endogenous hemichannels in the pancreatic β-cells could pave the way for developing a new therapeutic intervention for diabetes.

In fact, the utilization of β-cell's endogenous purinergic signaling cascade, as an indirect pathway for ultrasound-induced Ca^2+^ signaling, gives an edge over the direct activation of Ca^2+^ influx found from other studies. First, a localized stimulation can unlock the synchronized responses from a targeted pancreas tissue via the diffusion of extracellular ATP. Second, purinergic signaling induces oscillatory, rather than sustained, Ca^2+^, which mimics β-cell's native signaling and is also critical for the pulsatile secretion of insulin. Last, the finding that the level of cytoplasmic ATP, which essentially regulates the K~ATP~ channel-dependent GSIS pathway, also plays a pivotal role in determining the modes of oscillations in ultrasound-mediated Ca^2+^ dynamics suggests the means of intrinsic regulation.

In summary, ultrasound-mediated intracellular Ca^2+^ dynamics were investigated in HIT-T15 pancreatic β-cells using 45-MHz focused ultrasound. The results indicate that low-intensity focused ultrasound is capable of inducing distinctive oscillatory Ca^2+^ patterns from the HIT-T15 β-cell line through the endogenous purinergic signaling pathway where ATP release from mechanosensitive hemichannels works as a signaling mediator. The mechanotransduction pathway explored in this paper provides meaningful insights into the biophysical basis of ultrasound-induced Ca^2+^ dynamics in pancreatic β-cells and could stimulate further the development of a novel ultrasound-based therapeutic modality, especially against diabetic conditions. However, to claim the feasibility of the ultrasound-based Ca^2+^ modulator platform in the diabetic-related therapeutic applications, investigation on pulsatile insulin secretion upon ultrasound exposure, particularly in the context of different Ca^2+^ oscillation patterns, is necessary. The current ultrasound stimulation system is optimized for imaging live cells within an image field but lacks a populational functional assay capability. Therefore, future works will be focused on building a high-throughput stimulation system that offers consistent stimulation environment and means of systematic assessment for ultrasound-induced secretion events. Additionally, further validation with low-frequency ultrasound (2--6 MHz) is required to be more relevant to clinical settings.
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![Ultrasound-induced intracellular Ca^2+^ dynamics in HIT-T15 pancreatic β-cells. (**a**) Schematic diagram of an ultrasound stimulation system. A pulsed sine wave was generated by a function generator and amplified by a power amplifier to drive a 45-MHz focused transducer. The position of the transducer was controlled by a three-axis stage controller. The focal distance from the transducer to the surface of culture dish was aligned using a pulser--receiver. Ultrasound-induced intracellular Ca^2+^ dynamics were monitored by an inverted epifluorescence microscope. (**b**) Time lapse images of HIT-T15 cells before and after ultrasound stimulation. Scale bar 50 µm. (**c**) Ultrasound-induced Ca^2+^ oscillation from a single HIT-T15 cell. The cells were bathed in HBSS+ with 11.1 mM glucose. The gray box indicates the duration of ultrasound exposure. (**d**) Percentage of cells active in Ca^2+^ signaling before and after ultrasound stimulation. The cells were adapted to different glucose concentrations, 5.5 mM and 11.1 mM, for 1 h before the imaging. The error bar indicates S.D. \*\*, \*\*\*, and \*\*\*\* indicate *p*-value less than 0.01, 0.001, and 0.0001, respectively.](cells-09-01129-g001){#cells-09-01129-f001}

![Different patterns of intracellular Ca^2+^ oscillations evoked by ultrasound. Clusters of HIT-T15 cells were exposed to low-intensity pulsed ultrasound for 25 min starting at t = 300 s. The gray bar indicates the duration of ultrasound exposure. Fast-irregular (**a**), and slow-periodic (**b**) oscillation patterns were dominantly observed from the cells adapted to 11.1 mM (stimulating) and 5.5 mM (non-stimulating) of glucose, respectively. Seldomly, mixed (**c**) oscillation patterns were also monitored in the both conditions.](cells-09-01129-g002){#cells-09-01129-f002}

![Involvement of purinergic signaling and hemichannels in the ultrasound-evoked Ca^2+^ mobilization. The HIT-T15 cells pre-incubated (**a**) without inhibitor (control) or with (**b**) apyrase (degrades extracellular ATP, 20 unit/mL), (**c**) suramin (P~2~ receptor inhibitor, 100 µM), and (**d**) carbenoxolone (CBX) (hemichannel inhibitor, 100 µM) were stimulated by ultrasound to investigate the underlying pathway. In all cases, ultrasound-induced Ca^2+^ dynamics were abolished, indicating the involvement of purinergic receptors triggered by ATP released from hemichannels. All experiments were carried out with modified HBSS+ containing 11.1 mM glucose except (**e**) where HBSS+ with 2.8 mM glucose was used. Delayed Ca^2+^ oscillations were monitored when the cells were adapted to low glucose. (**f**) Percentage of cells showing Ca^2+^ dynamics before and after ultrasound stimulation. Only groups pretreated with suramin and 2.8 mM glucose showed statistically significant increases upon ultrasound, yet they were either single peaks (suramin) or delayed oscillations (low glucose). \* and \*\* indicate *p*-values less than 0.05 and 0.01, respectively. *n* = 3 for all groups.](cells-09-01129-g003){#cells-09-01129-f003}

![Fast and irregular Ca^2+^ oscillations depend on L-type voltage-dependent Ca^2+^ channels coupled to P~2~X purinergic receptors. Ultrasound-evoked Ca^2+^ dynamic profiles from the HIT-T15 cells (**a**) without drug (control), or in the presence of (**b**) pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS) (100 μM, pretreated), (**c**) nifedipine (10 μM, pre-treated), and (**d**) nifedipine (10 μM, added at 1200 s). Fast and irregular oscillation patterns disappeared with PPADS (**b**) and nifedipine (**c**,**d**); instead, slow-periodic patterns appeared. All experiments were carried out with the modified HBSS+ containing 11.1 mM glucose. (**e**) Percentage of active cells before and after ultrasound stimulation. *n* = 3. (**f**) Oscillation frequency analysis. In comparison to the oscillations found from the cells adapted to 5.5 mM glucose, the oscillations found from the PPADS and nifedipine bathed groups. *n* = 10. \* and \*\* indicate *p*-values less than 0.05 and 0.01, respectively.](cells-09-01129-g004){#cells-09-01129-f004}

![Slow and periodic Ca^2+^ oscillations depend on the store-operated Ca^2+^ entry pathway. Intracellular Ca^2+^ dynamics in response to ultrasound exposure between t = 300 s and t = 1800 s (**a**) without drug (control), or bathing with (**b**) CPA (100 µM, pre-treated), (**c**) La^3+^ (200 µM, added at 1200 s). (**d**) To verify the primary role of P~2~Y for the Ca^2+^ release, cells were stimulated for 3 min (300 s--480 s). All experiments were carried out with the regular HBSS+ containing 5.5 mM glucose.](cells-09-01129-g005){#cells-09-01129-f005}

![A schematic drawing representing the proposed pathways of ultrasound-evoked Ca^2+^ dynamics in the HIT-T15 cells. Mechanosensitive hemichannel releases ATP and/or ADP into extracellular space in response to ultrasound stimulation, which in turn activates both P~2~ receptors. Depending on the amount of released ATP or ADP, the two subtypes of P~2~ receptors, P~2~X and P~2~Y, will be activated in a competitive manner, evoking either fast-irregular or slow-periodic Ca^2+^ oscillations, respectively.](cells-09-01129-g006){#cells-09-01129-f006}
